The pKa values of the Co(II) complexes were estimated from changes in the visible absorption spectra (3). Due to the high pH at which the ionizations take place, and uncertainty as to the number of pyrrole ionizations occurring in the complexes, the constants are less certain than is customary for pKa, values. The pKa value for the Cu(II) complex was determined by potentiometric titration (3) and that for the Pd(II) complex by spectrophotometric titration (4). For all three metal ions, comparison with complexes of related ligands such as 3-methylhistidine strongly suggests that the ionization ascribed to a pyrrole hydrogen in these complexes is identified correctly (3, 4).
Appleton and Sarkar (1) have recently suggested that the activity-related deprotonation occurring near pH 7-8 in the zinc enzyme, carbonic anhydrase (EC 4.2.1.1; carbonate hydro-lyase) is due to ionization of a pyrrole hydrogen across an imidazole ring from the site of Zn(II) coordination at the pyridine nitrogen. It seems worthwhile, in view of this proposal, to consider the literature on metal-ion-induced pyrrole ionizations that may be applicable to carbonic anhydrase and other metalloenzyme systems where a metal ion is bound to a histidyl side chain. Appleton and Sarkar did not cite existing literature, but offered instead some experiments in support of their hypothesis. First, I consider the relevant literature, then discuss the results of Appleton and Sarkar, and finally evaluate the validity of their hypothesis.
The pKa values for pyrrole hydrogen ionizations in the free ligands, imidazole and histidine (2) , and some of their metal ion complexes appearing in the literature are listed in Table 1. The pKa values of the Co(II) complexes were estimated from changes in the visible absorption spectra (3) . Due to the high pH at which the ionizations take place, and uncertainty as to the number of pyrrole ionizations occurring in the complexes, the constants are less certain than is customary for pKa, values. The pKa value for the Cu(II) complex was determined by potentiometric titration (3) and that for the Pd(II) complex by spectrophotometric titration (4) . For all three metal ions, comparison with complexes of related ligands such as 3-methylhistidine strongly suggests that the ionization ascribed to a pyrrole hydrogen in these complexes is identified correctly (3, 4) .
The results of It is important to recognize a major difference between ionization of a pyrrole hydrogen, induced by a metal ion placed across the imidazole ring at the pyridine nitrogen, and deprotonation of the pyrrole hydrogen by substitution of a second metal ion, both ions being bound to a single imidazole ring. The apparent pKa value for deprotonation by substitution will be markedly lower than that for ionization induced across the ring. In all complexes of Table 1 , pyrrole hydrogen ionization occurs across the imidazole ring from the metalion-binding sites. Cases are also known where pyrrole hydrogen deprotonation occurs by substitution of the proton by a metal ion at the pyrrole nitrogen. Solutions of glycyl-L-histidine and Ni(II), Cu(II), or Pd(II) in equimolar proportions show a concentration-dependent deprotonation near pH 9.6 which is due to pyrrole deprotonation by substitution and formation of a tetrameric complex (7). These deprotonations by substitution at the pyrrole nitrogen occur at lower pH than the ionizations across the imidazole ring listed in Table 1 .
Appleton and Sarkar infer the occurrence of pyrrole hydrogen ionization from three model complexes: Zn(imidazole)2+2 with pK, = 7.0-7.3, Zn(4,4'-bis-imidazoylmethane)2+2 with pKa = 7.9, and from divalent Co(cyclo-L-His-L-His) 2+ with pKa = 8.5. In all three cases the results were complicated by formation of precipitates. In evaluating pKa values, as with other equilibrium constants, it is important to establish that the system is at equilibrium by reversible titrations. Heterogeneous systems, and even apparently homogeneous ones with polynucleation, may not be at equilibrium. For the second In addition, hydroxide precipitates of these metal ions began to appear at pH 7 or even lower. In a study of the Zn(II) complex of N-methylimidazole, where pyrrole hydrogen ionization cannot occur, Appleton and Sarkar worked at an extraordinary ligand-to-metal-ion mole ratio of 258:1, evidently to suppress precipitation of hydroxide complexes. Before pyrrole hydrogen ionization can be claimed, it is necessary to establish that hydroxo complex formation is not occurring instead.
From titration with standard base of a solution containing a 17: 1 molar ratio of imidazole to Zn(II), Appleton and Sarkar deduced that pKa = 7.0-7.3 for pyrrole hydrogen ionization from Zn(Im)2+2. Precipitation began to occur near pH 7.5, and instead of hydroxo complex formation, they consider pyrrole hydrogen ionization to have taken place. They based their conclusion mainly on an x-ray diffraction analysis of the crystal Zn(Im)02 where each Zn(II) is tetrahedrally coordinated to four different imidazole rings, each nitrogen of which is coordinated to a different Zn(II) to yield an infinite threedimensional network (9) . However, the crystals were formed from a solution with a ratio of imidazole-to-Zn(II) of 2:1 at pH 7.8-9.5 (9) . A link between any deprotonated complexes existing in solution and the crystal structure was not established. A link is unlikely because the crystal Zn(Im)% presents an example of pyrrole hydrogen deprotonation by substitution mentioned above. In this case, substitution by Zn(II) (aqueous or complexed) takes place at a pyrrole nitrogen of an imidazole already coordinated at the pyridine nitrogen. For the substitution to occur, two Zn(II) ions must interact at one imidazole, which is improbable in a solution containing a 17: 1 mole ratio of imidazole to Zn(II). Appearance of deprotonated pyrrole nitrogens in a crystal does not signify that they occur as a major species even in a 2: 1 solution. They are favored in the crystal because of the insolubility of the species in which they occur. A combination of. deprotonation by substitution and insolubility can account for formation of Zn(Im)% at pH 7.8-9.5, well below the pH expected for pyrrole ionization across the ring.
Appleton and Sarkar note that the pKa values for proton ionization from water and neutral imidazole are comparable, and claim that coordination of zinc ion will result in greater enhancement of ionization from imidazole. However, the effect of zinc or of any metal ion on the ionizable proton is expected to be transmitted through the two bonds in water (Zn-O-H) much more forcefully than through the four bonds of imidazole (Zn-N-C-N-H). This conclusion is supported by pKa values of 12.5 in Table 1 for Co(II) complexes, whereas ionization of a coordinated water occurs with pKa -9.8 (8) . On the basis of the results presented in Table 1 , and other points mentioned, it seems likely that pyrrole ionization in Zn(II) complexes of imidazole of 2+ formal charge occur with pK. about 13, almost 106 times less acidic than claimed by Appleton and Sarkar. In carbonic anhydrase, the Zn(II) is coordinated to three imidazoles and presumably to one water molecule (10, 11) . The water molecule undergoes ionization to hydroxide well before pH 13 is reached, reducing the formal charge at the zinc ion to 1 + and further decreasing the acidity of a pyrrole hydrogen. In addition, all three pyrrole hydrogens of the zinc-bound imidazole groups in carbonic anhydrase are evidently internally hydrogen-bonded to other groups in the protein (11) , further reducing the likelihood of their ionization.
